ABSTRACT Time-resolved laser-induced fluorescence depolarization measurements of internal motions in lysozyme are presented. The fluorescent dye eosin binds in a one-to-one complex with the enzyme, and is used both to measure the overall tumbling time constants and to probe the motions of residues in the region of binding. The precision and accuracy of the present method for determining the overall tumbling time constants compare favorably with those from other methods used in the literature. The extent of the internal motions, as described by a model independent order parameter, S2, is temperature dependent, and changes when the inhibitor N,N',N"-triacetylchitotriose, (GlcNAc)3, is bound to the active site of the enzyme. The observed temperature dependence and changes in S2 upon binding of (GlcNAc)3 are interpreted in terms of a nonharmonic model of the effective potential that is consistent with the picture of concerted motions in the protein. The values of the parameters of the potential that reproduce the data with and without the bound inhibitor imply that (GlcNAc)3 binding causes an increase in the rigidity of the protein, which agree qualitatively with other results on the lysozyme-(GlcNAc)3 system.
INTRODUCTION
Motions of residues in the interior regions of proteins have been suggested as an important kind of dynamics that may play an essential role in biological activity (1) (2) (3) (4) (5) (6) (7) (8) (9) . One would like to obtain a detailed description of the motions of individual residues, and learn the contribution of these motions to protein function. Molecular dynamics calculations can provide in principle these details, but only within the limitations of the assumption of particular intermolecular potentials, small system sizes (often neglecting the effect of hydration of the protein) and finite trajectory times which may not sample sufficiently over all accessible regions of phase space. Information provided by experiments generally is in the form of moments of distribution functions, and thus necessarily represents averages over some features of interest. Although some details are averaged out, experimental results can provide data by which various simple models of the motions are judged, particularly when such models predict experimental observations that can be confirmed or denied.
Time-resolved fluorescence anisotropy is one of several methods that have been applied to the study of internal and overall tumbling motions in proteins (10, 11) . In this work, we apply the technique to measure internal motions in the hydrophobic box region (12, 13) of lysozyme (14) using an Dr. Fleming is an Alfred P. Sloan Foundation Fellow and Camille and Henry Dreyfus Teacher Scholar. Dr. Cross' current address is Department of Chemistry, B-014, University of California at San Diego, La Jolla, CA 92093. extrinsic probe, the dye eosin, which binds to this region of the enzyme (15, 16) . The hydrophobic box region is adjacent to, but distinct from, the active site of the protein. These measurements provide evidence that the hydrophobic box residues undergo significant motions on the timescale of 100 ps or less. This is in accord with x-ray crystallography measurements of atomic mean square displacements that show larger than average mobilities for the atoms in this region of lysozyme (7) .
We find that the extent of the motions varies significantly over the temperature range of 50 to 650C, and that the observed temperature dependence is altered when the inhibitor N,N',N"-Triacetylchitotriose (17), (GlcNAc)3, is bound simultaneously to the active site.
These motions are interpreted in terms of the modelindependent order parameter (18), S2, which is a measure of the extent of restriction of the motions of the probe molecule. Values of S2 can be computed from models for the restricted motions that give the probability distribution function for orientation of the measurement vector associated with the probe molecule with respect to a coordinate system fixed to the body of the protein. In the case of fluorescence, this vector is the transition dipole. Unfortunately, a single value of S2 does not uniquely determine a probability distribution, so one must rely on additional information to judge which models for the restricted motion are appropriate.
One model of restricted motions that has been used in interpreting S2 data is the free motion within a cone (10, (18) (19) (20) . In this model, one has the simplest probability distribution: a constant for 0 (the angle that the vector makes with an assumed symmetry axis fixed to the protein) less than a fixed 00 (the cone semiangle), and zero otherwise. There is a one-to-one mapping of 00 (from 0-900) to S2 values, which is given by a simple relation. Thus, interpretation in terms of the cone model transfers data from the domain of S2 to that of 00. While this can make it easier to visualize the extent of the restricted motion, strict confinement within a cone may not be the underlying probability distribution, in which case the cone model for the potential is not really appropriate.
In the absence of additional information, the cone model is as good as any for use in interpreting a particular S2 value, but in this work since we (14) .
Concentrations of the three compounds had to be chosen carefully to insure that most of the eosin was bound to lysozyme, most of the lysozyme had (GlcNAc)3 bound to it, and that little of the lysozyme formed dimers. The concentrations used were: lysozyme, 1.2 * 10-4 M; eosin, 3.8 * 10-6 M; (GlcNAc)3, 6.4 * 10-4 M. Concentrations of lysozyme and eosin were determined spectroscopically as before (14); (GlcNAc)3 concentration was determined by dissolving a known weight into known volume. We have shown previously that with the concentrations of eosin and lysozyme used, essentially all of the eosin is bound to the lysozyme over the experimental temperature range (14) . It is essential that all eosin present be bound to the enzyme, as unbound eosin reorients very rapidly, and emission from it could be misinterpred as motion with respect to the protein. As in the previous study, the pH of the solutions was 5.3.
Methods
Polarized fluorescence emission curves were obtained by time-correlated, single-photon counting (23, 24) , using the experimental arrangement described previously (14, 25) . The excitation source consisted of an actively mode-locked Ar+ ion laser (Coherent CR-6) operating at a wavelength of 514.5 nm. Emission from the samples were passed through glass cutoff filters (.580 nm) to remove scattered excitation light.
Polarized emission data was analyzed by simultaneous fitting of parallel and perpendicular polarized decay curves using the method previously described (25) . The time range of fitting used was -8 ns, and started -2 ns after the excitation pulse. For a set of four fluorescence emission curves, two each of parallel and perpendicular emission, fitted values of r(0+), the extrapolated value of r(t) at zero time from a fit to the latter part of the decays, and T,, the overall reorientation time constant, were obtained. The fitted r(0+) values were divided by r(0) to calculate S2 (see Theory section). We have previously shown that within our experimental error r(0) = 0.40 for eosin (25) .
THEORY
The time-resolved emission anisotropy, r(t), is related to a correlation function of the transition dipole moment in the laboratory frame. For a spherical body that undergoes isotropic rotational diffusion, r(t) decays as a single exponential. For an asymmetric ellipsoid of revolution, r(t) can decay with as many as five exponential terms (26) (27) (28) (29) , while for a symmetric ellipsoid, there are in general three exponential terms in r(t). We have previously calculated the decay constants that would be obtained for a symmetric ellipsoid that approximates the shape of lysozyme (14), and in view of these calculations, it is unlikely that the anisotropic components in the overall tumbling of the protein would be resolved by the measurements presented here.
If there is a rapid restricted motion of the chromophore in addition to the overall rotation of the macromolecule to which it is attached, r(t) in general decays nonexponentially, and can be approximated as a sum of two exponential decays. In this case, the extrapolation of r(t) back to zero time gives a value r(O0), which is less than the true initial value, r(O). The extent of the restricted motion can be described by the order parameter (14, 18) , S2, which is given by S2 = r(t) e+/Tr, -r(0 ')
If S2 is unity,the chromophore is fixed with respect to the body of the protein; values less than one indicate that some restricted motion is occurring. The constant associated with the decay of r(O) to r(O0) is related to the correlation time for various orientations that the dye can have within the hydrophobic box region. Models for the restricted motion can be used to predict S2 values that are then compared with experiment. The general approach is as follows. A potential of mean force, V (8) , is assumed to give the energy as a function of the angle that the chromophore makes with respect to a symmetry axis, fixed with respect to the body of the protein. This potential represents the energy of the system with the probe vector at a particular 0 averaged over an ensemble of relaxed configurations of the rest of the protein.
While the motion of eosin is probably not precisely axially symmetric, the experimental data available do not justify a more complex model of the motion. If the structure of the complex were known, for example from crystallographic measurements, then it would be of interest to explore models that had anisotropic motion about an axis.
If one assumes that the shape of the potential is temperature independent, the probability of finding the probe at 0 is determined by a Boltzmann factor. Following Lipari and Szabo, the expression for S(T) is then S = ( P2 (cos 0) ), (2) The temperature dependence of S (T) arises solely from Boltzmann activation in the temperature-independent potential V(8).
Setting 
It can be shown that this expression for S (T) reduces to the correct limits for a harmonic potential, i.e., when we take 00 --0, we obtain a previously given expression (14) . In the previous work, the limits of integration were extended from ir to oo to simplify the calculation.) Also, the cone model 
temperature for both the eosin-lysozyme (LE) and eosinlysozyme-(GlcNAc)3 (LEN3) data. We found that the binding of (GlcNAc)3 to lysozyme does not substantially alter the overall tumbling motion. The similarity of LE and LEN3 data in Fig. 1 also implies that binding of (GlcNAc)3 does not displace the eosin from the enzyme. The dashed curve in Fig. 1 was obtained by assuming Stokes-Einstein behavior for the rr values, i.e., assuming that they scale as v/ T, using the following procedure. The values of Tr at 50C for both LE and LEN3 data were averaged to obtain 11.35 ns. This rr was used with the Einstein law (26) to calculate the effective volume of a sphere that would give rise to that rotation time. The volume so calculated was 29,000 A3, which is close to the volume of an ellipsoid that approximates the shape of lysozyme (7) (with semiaxes 15 x 15 x 22.5 A), 21, 200 A3. The curve was generated assuming that this calculated effective volume remains constant over the experimental temperature range, and agrees well with the data at higher temperatures. Note that this is not a fit to all of the data in Fig. 1 , but represents the extrapolation asuming StokesEinstein behavior from the average value at 50C. The excellent fit to Stokes-Einstein behavior implies that there is no gross structural change occurring with increasing temperature, which is consistent with other observations (32) .
Our values for the rotation time (e.g., 7 ns at 200C, 0.12 mM) are significantly lower than most NMR determinations that use higher concentrations of the enzyme. In particular, Schramm and Oldfield (33) We believe that the differences between our measurements and those using NMR is due in large part to dimerization and alteration of the solvent viscosity at high enzyme concentrations. Also, extraction of rotation times from NMR experiments requires an assumption about the bond lengths associated with the measured nuclei. In our measurements, provided that one is certain that all of the probe molecules are attached to the enzyme, no assumptions are necessary to obtain rotation times from the polarized emission curves. We view the disparity of times obtained at different magnetic field strengths as indicate of the magnitude of uncertainty in the NMR measurements. In view of these results, further work is needed to clarify the connection between measurements of r, obtained by different techniques.
Internal Motions in Lysozyme
The experimental values of S2 for LE and lysozyme LEN3 are given in Fig. 2 . The order parameters extracted from experiment are model-independent but can be compared with predictions from various models of the motion.
The ability of the potential in Eq. 4 to describe our data was examined by conducting a grid search of the three dimensional parameter space for sets of parameter values that reproduced the end points of the S2(T) curves. The criterion for fitting was that the calculated values of S2 at 00 and 700C were within 0.02 of the S2 values of the linear least-squares fits to the data. Since there are three parameters it might be expected that many sets would give satisfactory fits. A special case of this potential with V0 set to zero was tried initially but like the (unshifted) harmonic potential, it produced a much too weak temperature dependence regardless of the value of V1. In fact, a single cluster of parameters produced a fit for each data set (LE or LEN3). No other satisfactory fits could be found outside of these two clusters in an extensive search of parameter space. The LE and LEN3 clusters for the V0 and 00 are shown in Fig. 3 . The average values of V0 are 2.8 ± 0.3 kcal/mol (LE) and 3.6 ± 0.2 kcal/mol (LEN3, and of O0 are 80 ± 30 (LE) and 60 ± 20 (LEN3).
Although it was possible to fit the data with parameter sets, where V0 = VI, we eliminated these on the physical Use of a temperature-independent potential for re- FIGURE 4 Schematic illustration of the interpretation of the nonharmonic potential defined by Eq. 4 in multidimensional coordinate space.
The vertical axis gives the free energy, G. Hydrogen exchange experiments on lysozyme with GlcNAc bound were interpreted in terms of an increase in the activation energy required for dynamic fluctuations of the enzyme and it was concluded that the changes were propagated throughout the protein structure (21) . Similarly nmr studies of GlcNAc and (GlcNAc)3 binding found restricted conformational mobility in the active site region as compared with the free enzyme (22) .
The results of the present study of binding (GlcNAc)3 to lysozyme are consistent with a tightening of the structure in the hydrophobic box region of the enzyme (smaller value of 00 upon binding), and an increase in the constraining energy (V'). The increase in the constraining energy from 2.8 to 3.6 kcal/mol upon (GlcNAc)3 binding gives a quantitative feel for the magnitude of the structural changes in the enzyme that are induced.
The lack of detailed information about the structure of the lysozyme-eosin complex makes it difficult to progress quantitatively beyond this observation. Using a molecular graphics docking program to simulate space-filling models of lysozyme and eosin, we observed a pocket in the hydrophobic box region of a reasonable size for accommodating the eosin, with Tyr2O and Tyr23 in favorable positions for hydrogen bonding with the xanthene oxygens on the dye. It is possible that by using a molecular mechanics force-field with the initial configuration determined by graphic docking, one could find a unique minimum energy structure for the binary complex. Then, to estimate the change in the potential of mean force for hindered motion of the eosin upon binding of inhibitor, i.e., to estimate theoretically the potential we have measured in these experiments, one could calculate the free energy for angular excursions of the eosin using molecular dynamics or Monte Carlo techniques. While such theoretical techniques are now just beginning to be applied to large protein systems (36) , improvements in computer technology should soon make them routine. It is hoped that from the interplay between experiments such as the one described and theoretical calculations that a more complete picture of protein dynamics will emerge.
